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I.  INTRODUCTION 

A sabot. Figure 1, is required to launch the current family of 
anti-armor, kinetic energy projectiles. Within the bore, the sabot 
provides gas sealing, structural support, and reduced sectional density. 
However, once free on the gun tube, the sabot must be discarded in order 
to permit unconstrained, low drag flight to the target. Typically, the 
sabot is divided into three or more components along axial planes. 
These components separate from the projectile under the action of 
elastic, inertial (gyroscopic), and aerodynamic loads. During this 
separation, a variety of interactions between the components and flight 
body may occur to perturb the desired trajectory. Figure 2. 

It has been demonstrated1"3 that aerodynamic interference can be a 
significant source of launch disturbance. The perturbation is strength- 
ened by geometric asymmetry in the discard pattern and its associated 
flow field, and by extended periods of flight of the sabot segments in 
close proximity to the projectile. The details of this hypervelocity, 
three-dimensional interference flow field are not well understood. 

Considerable information is available dealing with interference 
flows associated with stores separation from aircraft, generally flying 
at subsonic or low supersonic velocities'*. Additionally, wing-body and 
engine/intake-airfrarae interference is widely documented^. At higher 
velocities, data is available describing the flow about advanced aero- 
dynamic flight bodies6 and flow field related to three dimensional 

1. H.  Conn, "The Influence of Sabot Separation on the Yawing Motion 
of a Cone3 " Defense Reaearah Eatabtishment at Valaartier,  Canada, 
June 1970,  TN 1849/70. 

2. W.  Glaus,   "Eatimation of Foraea on a Fleahette Reaulting from a 
Shook Wave," Midweet Reaearah Inatitute, Kanaaa City, MO, May 1971, 
R3460-E. 

3. E.  Sahmidt and D.  Shear,   "Aerodynamia Interference During Sabot 
Diacard," AIM JSR,   Vol.   15,  No.   3,  May-June 1978, pp 162-167. 

4. Anon,   "Proceedinga of the Fourth Aircraft/Storea Compatibility 
Sympoeium," Joint Technical Coordinating Group for Munitiona 
Development, Air Force Armamenta Laboratory,  Eglin, FL, 
12-14 October 1977. 

5. W.  Seara,  Ed.,   "Aerodynamia Interference," AGARD Conference 
Proceedinga No.   71,  September 1970. 

6. W.  Soyano,  C.  Erickaon,  and J. Murphy,   "Aerodynamic Interference 
Aaaoaiated with Tao Parallel Bodiea in Cloae Proximity in Hyper- 
aonic Flow," AFFDL,   Wright-Patterson AFB,  OH,  TR AFFDL-64-1S8, 
December 1964. 
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inlets >8. However, a source describing the flow field about multiple 
bodies executing a wide range of relative geometric configurations at 
hypersonic velocities was not found. 

This report describes the results of an experimental program to 
investigate the aerodynamics of sabot discard. Instrumented firings 
from ballistic ranges were used to establish the geometries of interest, 
A wind tunnel model was fabricated to a representative sabot/projectile 
design. Tests were conducted at the NASA Langley Unitary Plan Facility 
to measure preasure distributions on both the projectile and sabot. 
Based on the wind tunnel data, design modifications are suggested to 
improve discard. 

II.  BALLISTIC RANGE DATA 

A wide variety of kinetic energy round designs have been tested. 
Two are selected as representative of current trends: a 23mm diameter 
projectile launched from a slow twist 60mm tube. Figure 1, and a 21mm 
diameter projectile launched from a smoothbore, 75mm tube. Both rounds 
employ similar sabot designs. The front of the four segment sabot is 
chamfered to provide a positive pitching moment and lift force once 
exposed to an oncoming stream. The rear of the sabot is a conical 
ramp. The ramp is designed to compress around the projectile within 
the bore. This provides support against tensile failure under high 
acceleration loadings. 

Sabot discard is measured using six orthogonal X-ray stations 
positioned along the first 10m of the trajectory3. A typical set of 
radiographs show the sabot components pitching away from and lifting 
off the flight body. Figure 3. The measured separation kinematics 
are compared for the two designs in Figure 4 where the coordinates 
are given in Figure 5. The 75mm sabot components are seen to move 
more rapidly away from the projectile than do the 60mm sabot components. 
This is due to the design of the deep lifting cup on the front of the 
75mm sabot and due to its fabrication from magnesium compared with 
aluminum used in the 60mm sabot. Also shown on this figure are the 
ranges within which wind tunnel tests were conducted. These boundaries 
were established by geometric constraints within the test arrangement; 
however, this test region includes the geometries of interest for strong 
mutual interaction. 

7. D. Knight,   "Improved Numeriaal Simulation of High Speed Inlets 
Using the Navier-Stokee Equations," AIM Paper 80-0383, January 1980. 

8. R.  Buggeln,  H. MaDonald,  J.  Kreskovsky,  and R.  Levy,   "Computation 
of Three-Dimensional Visaous Supersonic Flows in Inlets," AIM 
Paper No.   80-0194,  January 1980. 



III.  MODEL DESIGN AND TEST PROCEDURE 

Since it was not practical to attempt a test program incorporating 
multiple actuated sabot components, a system was required to simulate 
the flow field about the configuration of interest but using only one 
driven sabot segment.  Splitter plates were selected as a feasible means 
of generating reflecting planes of symmetry. Splitter plates have been 
used to test the dynamics of half bodies9 and to examine the flow field 
and mutual interference between two bodies10. The resulting data were 
shown to agree well with full body results.  In the present tests, the 
splitter plate technique is extended to simulate a trilaterally 
symmetric flow. 

The configuration selected for testing is a three segment sabot. 
Figure 6. The 120° included angle sabot component is positioned along 
the plane of symmetry of the splitter plates and projectile center 
body. The splitter plates act as reflecting surfaces along planes of 
symmetry in the trilaterally symmetric flow field.  In order to use 
this technique, only discard from smoothbore guns can be considered 
since any precessional, rolling, or yawing motion would destroy the 
symmetry of the flow along 120 planes. As a means of checking the 
accuracy of this simulation, a static, three sabot configuration. 
Figure 7, was also fabricated. 

The projectile was fabricated from stainless steel.  It has a 
diameter of 50.8mm (2 inches), a length to diameter ratio of 10.5, 
and a 30° total included angle conical nose.  Fifty static pressure 
orifices are positioned on the surface between the 120 planes of 
symmetry. With the exception of four orifices distributed about the 
conical forebody, no taps were located outside of these meridians. 
The splitter plates were fabricated from 6.35mm (0.25 inch) thick 
stainless steel plates having dimensions of 0.41m by 0.44m. The 
leading edges of the splitter plates are chamfered at a 15 angle. 
No pressure taps are located on the splitter plates. The sabot is 
fabricated from brass. It has cylindrical inner and outer surfaces 
of radii 25.4nun and 76.2mm, respectively. The leading edge of the 
sabot has a 40° chamfer. Fifty pressure orifices are located on 
the chamfer, inner cylindrical surface, and side planes of the sabot 
component. The projectile, splitter plate, and sabot geometry are 
presented in scaled dimensions in Figure 8. 

9.    K.  0rHk-Ruakennann3   "Half and Full-Model Experiments on Slender 
Cones at Angle of Attaok," AIAA JSRy  Vol,   11, No.   93 September 1973. 

10.    K.  Orlik-Ruokermannj   "Supersonic Dynamia Stability Experiments on 
the Space Shuttle," AIAA JSR3  Vol.   9,  No.  93  September 1972. 



Tests were conducted in the Hypersonic Leg of the NASA Langley 
Unitary Plan Facility. The projectile was mounted on a sting extending 
from a window blank, while the sabot was mounted on the main traveling 
sting centered in the tunnel. This arrangement precluded the acquisi- 
tion of schlieren or shadowgraph optics.  Pressure tubing was 0.050" 
transitioning into 0.070" stainless steel having a length of 4.6m. 
Pressure tubing was taken out of the tunnel and into a Scanivalve 
transducer. The geometry of the 4x4 foot test section and model 
arrangement permitted the sabot component to move relative to the 
projectile over an angular range from 0 to 15° in pitch and laterally 
from 3.2mm to 114mm. To maintain symmetry, the sabot component was 
not rolled or yawed during testing. 

Tests were conducted at a Mach number of 4.5 which is representa- 
tive of actual projectile flight Mach numbers; however, flight Reynolds 
number was not replicated. A summary of test and flight conditions are: 

M. Re/m 
oo 

•K) P (N/m ) 
OO 

Wind Tunnel 4.5 6.6.x 106 353 2.45 x 105 

Free Flight 4.5 8.9 x 107 1487 2.93 x 107 

In the initial formulation of the test, this failure to duplicate free 
flight Reynolds number was not considered serious, i.e., main emphasis 
was on the inviscid flow structure. Unfortunately, the test results 
show regions of shock boundary layer interaction and separated flow 
having strong influences during the early phases of sabot discard. 

A variety of different combinations of components were tested. 
These include: sabot alone; single sabot component and projectile (with 
and without splitter plates); and three sabot components. Some of 
the data were taken to examine the effects of asymmetry in the discard 
pattern upon the flow properties; however, for the present discussion, 
only the symmetric data will be addressed. 

IV.  TEST RESULTS 

A.  Sabot Alone 

The instrumented sabot component was tested singly in order to 
obtain data on the free flight aerodynamics of the shape. Surface 
pressure data along the plane of symmetry of the sabot component are 
given for angles of attack of 0°, 8°, and 16° in Figure 9. As would be 
expected, the pressure on the front chamfer surface is high; however, 
it shows relatively small variation with angle of attack. The pre- 
dictions of simple Newtonian theory are considerably below the measured 
values and show a much wider change with pitch. On the underside of 
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the sabot, the pressures are significantly lower reflecting the effects 
of expansion around the corner. The Newtonian predictions are better 
in this region. 

Also shown on the figure is the pressure variation predicted by a 
semi-empirical shock expansion theory suggested by Siegelman11. This 
model assumes the flow has a stagnation point at the leading edge of 
the sabot (NB: for a freestream Mach number of 4.5 and a turning angle 
of 40 , a two dimensional wedge flow would be at the extreme limit of 
attached shock solution), has a sonic point at the corner, and this is 
followed by a Prandtl-Meyer expansion through an angle of 40°. The 
pressure distribution on the front chamfer is linearly interpolated 
between the stagnation pressure behind a normal shock and the associ- 
ated sonic pressure. The pressure on the underside is simply assumed 
constant. While this model produces a good picture of the flow within 
the range of angle of attack, it is not sensitive to change in this 
angle. 

B.  Symmetry Analysis 

In order to examine the effectiveness of the splitter plates in 
generating a flow similar to that with three sabot components, tests 
were conducted with three components arranged in a fixed geometry. 
These results are compared with the results with splitter plates in- 
stalled. 

The test arrangement is shown in Figure 7. Two additional sabot 
components are attached to the sting supporting the projectile. The 
third, instrumented sabot is supported on the main traversing sting. 
The sabot components are positioned at 0° pitch relative to the pro- 
jectile and at a lateral separation of 0.75 d (1.5 inches). This 
separation was selected since preliminary analysis indicated that the 
area between the bodies would be sufficient to pass all of the mass 
flow captured by the entrance area defined by the outer edge of the 
sabot components. This is analogous to the starting of (or normal 
shock swallowing problem) a supersonic inlet. For the splitter plate 
tests, the positioning of the single sabot component was identical to 
that described above. 

The pressure distributions measured on the projectile and sabot 
component are compared in Figure 10. The two sets of data agree 
qualitatively quite well.  The pressure on the front chamfer of the 
sabot is nearly identical in both cases. The peak pressure on the 
projectile surface is due to the impingement of the shock wave off 
the sabot.  In both cases its location is identical; however, with 
three sabots present, the peak is higher than that measured with the 

11.    D. Siegelman and P.  Cmrni,   "Projeotile/Sabot Dieoard Aero- 
Dynamios," Ballistia Research LaboratoryJ  CR-00410, December 1979. 
(AD#A080538). 

11 



splitter plates. Related to this, the pressure level ahead of the peak 
is lower with the three sabot results. These variations are due to the 
increased viscous effects associated with the splitter plates. The 
plates have boundary layers on their surfaces and develop a corner flow 
at intersection with the body. These type flows have been demonstrated 
to interact with entrance shocks on the sidewalls of 2-D supersonic 
inlets . In the present case, the viscous effects associated with the 
splitter plates thicken the boundary layer on the body and extend the 
shock boundary layer interaction region downstream from the intersection 
point while reducing the height of the peak. In view of the pressure 
levels, it seems likely that the boundary layer has separated; however, 
correlated oil flow and heat transfer data would be needed to confirm 
this fact. 

The rapid rise in pressure on the projectile surface is associated 
with the impingement of the sabot shock wave. The equally rapid decay 
of this pressure peak is due to the arrival of the corner expansion 
from the sabot. The decay of pressure on the projectile surface is 
similar in both test cases. 

On both the underside and lateral side of the sabot component, a 
secondary compression is around S/d = 5, Figure 10.  The peak values 
are nearly identical in both cases; however, the location is further 
downstream in the case of the three sabot arrangement. Pressure 
contours have been constructed from the measurements in these tests 
and tend to emphasize the strong qualitative agreement between the 
two flows, Figure 11. 

Based upon a comparison between the test data in the case with 
three sabot components installed and with a single sabot component 
and splitter plates, it is felt that while exact quantitative agree- 
ment is not arrived at due to greater viscous interactions observed 
with the splitter plates installed, sufficiently good qualitative 
comparison is developed to conclude that the test technique is valid 
within the approximations and limitations of any scale model wind 
tunnel experiment. 

C. Wave Form Analysis 

The three sabot configuration provides an opportunity to investi- 
gate the origin of some of the pressure pulses measured on the projectile 
and sabot surfaces. Since one of the sabot segments can be moved while 
the others remain fixed, it is possible to infer the shock structure 
from changes in the surface pressure distributions measured as the sabot 
segment is moved. 

12.    G.  FaynterJ   "Analysis of Weak Glanaing Shook/Boundary Layer- 
Interactions, " AIM Paper No.   79-0144, January 1979. 

12 



With the two fixed sabot segments set at 0° pitch and a separation 
of 0.75 d, the movable component was traversed axially over a range of 
1.5 d in the forward direction. The resulting surface pressure dis- 
tributions on the projectile and sabot component (which is being moved) 
are shown in Figures 12a and 12b. As the sabot component is moved 
forward at 0.5 d increments, the peak pressure on the projectile 
surface moves forward at similar increments. This indicates that the 
peak is associated to the shock wave from the moving sabot component. 
However, examination of the pressure distribution on the moving sabot 
component shows that as this component moves axially forward, the peak 
on the underside and lateral side move rearward a similar amount 
relative to the sabot. This indicates that peaks are, in part, 
associated with adjacent, fixed sabot components.  It is interesting 
to note that the pressure on the underside increases as the sabot 
component moves forward while that on the lateral side decreases. This 
may be due to a tendency to develop a shock coalescence on the under- 
side between the reflected shock from the body and the transmitted 
shocks from adjacent sabot components. 

A qualitative (i.e., handwaving) schematic of the shock propaga- 
tion from the sabot to the body and back is presented in Figure 13. 
In this illustration, the view is along planes perpendicular to the 
axis of the projectile at various axial stations.  For convenience, 
planes of symmetry are used.  In Figure 13a, the shock wave is seen 
propagating away from the sabot component. Undoubtedly, the shock 
strength off the front chamfer surface is the greatest. Due to the 
geometry of the arrangement, the distance from the sabot to the planes 
of symmetry is less than that to the projectile surface; therefore, 
reflection occurs initially on these surfaces and moves toward the 
axis. Figure 13b.  Likewise, the shock moves back toward the body and 
reflects initially from the lateral sides of the sabot. Figures 13c 
and 13d. At this point, the waves reflected from the symmetry planes 
represent transmitted shocks from adjacent sabot components, while the 
reflection off the projectile is associated with the particular sabot 
in question. The waves move around the lateral surfaces and across 
the underside of the sabot merging with the reflected wave from the 
projectile surface. Figures 13e and 13f. The sequencing of the waves 
can be observed in the pressure traces presented in Figures 10 and 12. 

D.  Sabot Discard Sequence. 

From the measurements taken within the test matrix, a set of 
data is selected which represents the range of sabot geometries in an 
actual discard sequence. Figure 14. 

At the closest gap distance, AY = 0.064 d, and zero pitch angle, 
the pressure distribution shows signs of a stagnation region within 
the sabot front chamfer followed by a nearly one-dimensional expansion 
of the flow through a sonic point at the sabot corner. At the free 
flight Mach number, the following flow properties may be computed: 

13 



M  = 4.5: P^. /p  = 26.51 
oo -f-   ^00 

2 

On a 15 half angle cone; 

On a 40 wedge: 

p* /p^ = 14.01 

p /p  =3.23 

p /p  = 19.63 

Comparison of some of these values with the pressure levels measured on 
the sabot and projectile. Figure 14a, indicates that even on the surface 
of the cone, S/d = 9, the flow is altered by the shock-boundary layer 
interactions and flow separation. A spark shadowgraph of the flow over 
the forward portion of a sabot/projectile during early discard 
(M^ = 1.4) illustrates this behavior, Figure 15.  The excursions in 
pressure on the front chamfer of the sabot may be one of a variety of 
shock on shock interactions between the projectile and sabot shocks13. 

As the sabot moves away from the body, the nature of the flow 
changes. Figure 14b. The leading edge of the sabot is now in relatively 
undisturbed flow. The pressure variation across this front chamfer 
surface is similar to that measured with the sabot mounted independently, 
Figure 9.  The conical forebody of the projectile still exhibits pressure 
in excess of the conical flow prediction (the relaxation to this value 
does not occur until the furthest separation of this sequence). The 
cylindrical surface of the projectile shows the impingement of the 
sabot shock and subsequent peaks associated with successive shock 
reflections. The underside of the sabot is behaving in a manner 
similar to the flow model described by Siegelman11. There is 
apparently a sonic point at the shoulder followed by a Frandtl-Meyer 
expansion and arrival of the reflected and transmitted shocks from the 
projectile and adjacent sabots. 

As the sabot continues to pitch away from the projectile, the 
impingement point of its shock moves aft along the projectile and the 
peak pressure begins to decay. Figure 14c and 14d. A strong recom- 
pression begins to develop in the flow. This may be due to a normal 
shock standing in the converging flow11 similar to the terminal shock in 
a supersonic inlet. Alternatively, this could represent a quasi- 
isentropic compression of a converging supersonic flow established by 

13.    B.  Edney,   "Effeats of Shook Impingement on the Heat Transfer 
Around Blunt Bodies3" AIM J.3   Vol.   6S  No.   lt  January 1968. 
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the channeling of  the sabot components.  In any case, it represents 
an interesting departure in the nature of the flow. The peak pressure 
on the sabot is moving aft as the sabot pitches away from the projectile. 
With the sabot designs typified in Figure 1 and Figure 3, the resulting 
lateral lift due to these elevated pressures is not optimal due to the 
reduction in surface area along the rear ramp. 

In an attempt to utilize the interference loading to assist discard, 
a sabot was fabricated with thin aerodynamic surfaces (wings) on the 
rear of the ramp. The rounds were fired in a ballistic range and 
discard measured using sequential X-rays. The resulting angle of 
separation betweenothe projectile and sabot component trajectories was 
increased from 2.1 to 3.8 . This increase in the rate of separation 
produces a 55% decrease in the length of the trajectory over which 
aerodynamic interaction can occur between the sabot components and the 
projectile. 

V.  SUMMARY AND CONCLUSIONS 

A series of wind tunnel tests have been conducted at NASA Langley 
Unitary Plan Facility to examine the aerodynamics associated with sabot 
discard at hypersonic Mach numbers. The data was limited to surface 
pressure measurements. To simulate the symmetric separation of three, 
non-rolling sabot components, a splitter plate technique was used which 
produced excellent qualitative agreement with the multiple component 
baseline. Quantitatively, the effects of increased viscous interactions 
due to the splitter plates altered the exact pressure levels. 

Tests indicated that simple Newtonian theory is not adequate to 
treat the flow field, even that on a single sabot component in in- 
dependent free flight. The effects of shock-boundary layer interaction 
are quite important. The experimental results suggested a design 
modification which was successfully demonstrated in hardware tests. 

In order to define better the flow field, additional testing is 
required with improved instrumentation on the projectile and sabot. 
Surface flow visualization would better define the nature of shock- 
boundary layer interaction. Selected probing of the boundary layers 
and flow field could add important definition to the flow structure. 
Additionally, complimentary ballistic firings to measure the shock 
patterns between the bodies would be worthwhile. 

15 



Figure 1. Typical Saboted Projectile: 60mm Round 
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Figure 2. Schematic of Post-Launch Disturbances 
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Figure 3. Sample X-ray Sequence of the Sabot Discard from 75mm Round 
Launched from Smoothbore Gun 
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Figure 4b. Measured Variation in Sabot Lateral Separation during 
Discard 
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Figure 5. Separation Coordinates 

Figure 6. Photograph of Sabot and Projectile with Splitter Plates 
Installed 
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Figure 8a.    Scaled Dimensions  (d = 0.0508m, 2") 
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Figure 8c. Scaled Dimensions (d = 0.0508m, 2") 
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Figure 9. Variation in Pressure Distribution Along Centerline of 
Sabot with Sabot Mounted Independently in Wind Tunnel 
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Figure 10. Pressure Distributions Along Centerlines of Sabot and 
Projectile for Symmetry Check Cases,a = 0°, AX = 0, 
AY - 0.75 d 
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Figure lib. Pressure Contours on Sabot Surface for Symmetry Check Case 
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Figure 12a. Projectile Centerline Pressure Distribution with Three 
Sabots Installed, One of Which is Being Traversed Forward 
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Figure 12b. Sabot Pressure Distribution on Moving Sabot with Three 
Sabots Installed 
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Figure 13. Schematic of Shock Propagation Between Sabot and Projectile 
Viewed in Planes Perpendicular to the Projectile Axis of 
Symmetry at Sequential Axial Stations 
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Figure 13. Schematic of Shock Propagation Between Sabot and Projectile 
Viewed in Planes Perpendicular to the Projectile Axis of 
Symmetry at Sequential Axial Stations 
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Figure 14a.    Pressure Distributions During Simulated Sabot Discard. 
a = 0°, AX = 0, AY = 0.064 d 
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Figure 14b.    Pressure Distributions During Simulated Sabot Discard, 
a - 4° AX - 0, AY ■ 0.25 d 
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Figure 14c.    Pressure Distributions During Simulated Sabot Discard, 
a = 10  ,    AX = 0, AY = 0.25 d 
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Figure 14d, Pressure Distributions During Simulated Sabot Discard, 
a = 18°.   AX - 0,    AY - 0.5 d 
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Figure 15. Spark Shadowgraph of Flow over Nose of Saboted Projectile, 
M = 1.4 
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